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1. INTRODUCTION {#hbm24771-sec-0001}
===============

Certain subcortical structures of the brain, such as the striatum and thalamus, are implicated in many aspects of motor function and cognition (Middleton & Strick, [2000](#hbm24771-bib-0089){ref-type="ref"}), and are critically involved in several domains of everyday functioning (Graybiel, [1995](#hbm24771-bib-0053){ref-type="ref"}). The basal ganglia, which include the striatum and globus pallidus, are positioned deep below the cortical manifold and serve as important network hubs and relays, precisely modulating the neuronal activity of several functional systems involved in psychomotor behavior (Parent & Hazrati, [1995](#hbm24771-bib-0098){ref-type="ref"}). These structures contain numerous laminae and myelinated fibers differentially synapsing within subnuclei, and have multiple reciprocal connections between one another, as well as to regions implicated in complex cognitive tasks such as the frontal cortex (Jahanshahi, Obeso, Rothwell, & Obeso, [2015](#hbm24771-bib-0070){ref-type="ref"}; Leh, Ptito, Chakravarty, & Strafella, [2007](#hbm24771-bib-0083){ref-type="ref"}). Moreover, abnormalities in these subcortical structures have been implicated in neuropsychiatric disorders (e.g., schizophrenia, depression; Abi‐Dargham & Meyer, [2014](#hbm24771-bib-0002){ref-type="ref"}; Chakravarty et al., [2015](#hbm24771-bib-0024){ref-type="ref"}; Hannestad et al., [2006](#hbm24771-bib-0063){ref-type="ref"}; Howes & Kapur, [2009](#hbm24771-bib-0065){ref-type="ref"}; Makowski et al., [2018](#hbm24771-bib-0087){ref-type="ref"}; Nauczyciel et al., [2013](#hbm24771-bib-0093){ref-type="ref"}), movement disorders (e.g., Parkinson\'s disease, Huntington\'s disease; Alexander, DeLong, & Strick, [1986](#hbm24771-bib-0004){ref-type="ref"}; Aylward et al., [1997](#hbm24771-bib-0007){ref-type="ref"}; Graybiel, [2000](#hbm24771-bib-0054){ref-type="ref"}; Obeso et al., [2000](#hbm24771-bib-0094){ref-type="ref"}), and addictions and habit forming behaviors (Belin, Jonkman, Dickinson, Robbins, & Everitt, [2009](#hbm24771-bib-0012){ref-type="ref"}; Garza‐Villarreal et al., [2017](#hbm24771-bib-0046){ref-type="ref"}; Yin & Knowlton, [2006](#hbm24771-bib-0140){ref-type="ref"}).

While numerous studies have used magnetic resonance imaging (MRI) to demonstrate subcortical volumetric age relationships occurring across the lifespan in vivo (Courchesne et al., [2000](#hbm24771-bib-0031){ref-type="ref"}; Brain Development Cooperative Group, [2012](#hbm24771-bib-0019){ref-type="ref"}; Fjell et al., [2013](#hbm24771-bib-0042){ref-type="ref"}; Fotenos, Snyder, Girton, Morris, & Buckner, [2005](#hbm24771-bib-0044){ref-type="ref"}; Good et al., [2001](#hbm24771-bib-0051){ref-type="ref"}; Goodro, Sameti, Patenaude, & Fein, [2012](#hbm24771-bib-0052){ref-type="ref"}; Greenberg et al., [2008](#hbm24771-bib-0055){ref-type="ref"}; Guadalupe et al., [2017](#hbm24771-bib-0057){ref-type="ref"}; Inano et al., [2013](#hbm24771-bib-0066){ref-type="ref"}; Jäncke, Mérillat, Liem, & Hänggi, [2015](#hbm24771-bib-0071){ref-type="ref"}; Jernigan et al., [2001](#hbm24771-bib-0073){ref-type="ref"}; Narvacan, Treit, Camicioli, Martin, & Beaulieu, [2017](#hbm24771-bib-0092){ref-type="ref"}; Potvin et al., [2016](#hbm24771-bib-0106){ref-type="ref"}; Raz et al., [2003](#hbm24771-bib-0111){ref-type="ref"}, [2005](#hbm24771-bib-0109){ref-type="ref"}; Raz & Rodrigue, [2006](#hbm24771-bib-0110){ref-type="ref"}; Raznahan et al., [2014](#hbm24771-bib-0112){ref-type="ref"}; Sullivan, Rosenbloom, Serventi, & Pfefferbaum, [2004](#hbm24771-bib-0122){ref-type="ref"}; Tamnes et al., [2013](#hbm24771-bib-0123){ref-type="ref"}; Van Der Werf et al., [2001](#hbm24771-bib-0131){ref-type="ref"}; Walhovd et al., [2005](#hbm24771-bib-0134){ref-type="ref"}, [2011](#hbm24771-bib-0135){ref-type="ref"}; Ziegler et al., [2012](#hbm24771-bib-0142){ref-type="ref"}), there are several discrepancies between the trajectories that have been previously reported. Different age‐related relationships have been observed, with some studies suggesting linear decline beginning early in life (Fjell et al., [2013](#hbm24771-bib-0042){ref-type="ref"}; Goodro et al., [2012](#hbm24771-bib-0052){ref-type="ref"}; Greenberg et al., [2008](#hbm24771-bib-0055){ref-type="ref"}; Gunning‐Dixon, Head, McQuain, Acker, & Raz, [1998](#hbm24771-bib-0058){ref-type="ref"}; Inano et al., [2013](#hbm24771-bib-0066){ref-type="ref"}; Raz et al., [2003](#hbm24771-bib-0111){ref-type="ref"}; Sullivan et al., [2004](#hbm24771-bib-0122){ref-type="ref"}; Van Der Werf et al., [2001](#hbm24771-bib-0131){ref-type="ref"}; Walhovd et al., [2005](#hbm24771-bib-0134){ref-type="ref"}, [2011](#hbm24771-bib-0135){ref-type="ref"}), whereas others report quadratic trajectories, with an increase in volume followed by a subsequent decline (Fjell et al., [2013](#hbm24771-bib-0042){ref-type="ref"}; Goodro et al., [2012](#hbm24771-bib-0052){ref-type="ref"}; Inano et al., [2013](#hbm24771-bib-0066){ref-type="ref"}; Narvacan et al., [2017](#hbm24771-bib-0092){ref-type="ref"}; Potvin et al., [2016](#hbm24771-bib-0106){ref-type="ref"}; Walhovd et al., [2005](#hbm24771-bib-0134){ref-type="ref"}, [2011](#hbm24771-bib-0135){ref-type="ref"}), or cubic relationships, with differing results denoting the peak of volume attainment (Fjell et al., [2013](#hbm24771-bib-0042){ref-type="ref"}; Potvin et al., [2016](#hbm24771-bib-0106){ref-type="ref"}).

Diverging results across studies may likely be the result of the diverse methods used for the accurate visualization and delineations of the subcortical structures using MRI. Specifically, these studies use various segmentation techniques (manual or computer‐assisted methods (Greenberg et al., [2008](#hbm24771-bib-0055){ref-type="ref"}; Gunning‐Dixon et al., [1998](#hbm24771-bib-0058){ref-type="ref"}; Jernigan et al., [2001](#hbm24771-bib-0073){ref-type="ref"}; Raz et al., [2003](#hbm24771-bib-0111){ref-type="ref"}, [2005](#hbm24771-bib-0109){ref-type="ref"}; Sullivan et al., [2004](#hbm24771-bib-0122){ref-type="ref"}, Van Der Werf et al., [2001](#hbm24771-bib-0131){ref-type="ref"}), FreeSurfer (Fischl et al., [2002](#hbm24771-bib-0040){ref-type="ref"}; <http://surfer.nmr.mgh.harvard.edu>) (Fjell et al., [2013](#hbm24771-bib-0042){ref-type="ref"}; Guadalupe et al., [2017](#hbm24771-bib-0057){ref-type="ref"}; Inano et al., [2013](#hbm24771-bib-0066){ref-type="ref"}; Jäncke et al., [2015](#hbm24771-bib-0071){ref-type="ref"}; Narvacan et al., [2017](#hbm24771-bib-0092){ref-type="ref"}; Potvin et al., [2016](#hbm24771-bib-0106){ref-type="ref"}; Tamnes et al., [2013](#hbm24771-bib-0123){ref-type="ref"}; Walhovd et al., [2005](#hbm24771-bib-0134){ref-type="ref"}, [2011](#hbm24771-bib-0135){ref-type="ref"}), FSL‐FIRST (Patenaude, Smith, Kennedy, & Jenkinson, [2011](#hbm24771-bib-0099){ref-type="ref"}; <http://fsl.fmrib.ox.ac.uk>) (Goodro et al., [2012](#hbm24771-bib-0052){ref-type="ref"})), all of which have differing segmentation criteria and definitions of the underlying anatomy. Most early studies examining the effects of normal aging on subcortical structures have utilized manual segmentation to delineate their structures of interest, whereas most recent studies have utilized automated segmentation methods. Furthermore, the data were acquired using different scanning acquisitions parameters (field strength differences \[1.5 T vs. 3 T\], voxel dimensions, etc...). Both of these methodological parameters have been shown to influence tissue‐specific signal (leading to differential contrast between at structure boundaries)) and border visibility (Fushimi et al., [2007](#hbm24771-bib-0304){ref-type="ref"}; Pfefferbaum, Rohlfing, Rosenbloom, & Sullivan, [2012](#hbm24771-bib-0104){ref-type="ref"}), and therefore may have potential confounding effects on measures of volume. This inconsistency is particularly prevalent for the studies involving the basal ganglia. The basal ganglia tend to accumulate more inorganic inclusions (e.g., calcification or iron deposits), in comparison to other subcortical structures commonly investigated (Raz et al., [2003](#hbm24771-bib-0111){ref-type="ref"}), and these deposits have effects on the MR signal (due to the ferromagnetic property of the iron) that differ depending on the field strength of the MRI machine (Pfefferbaum et al., [2012](#hbm24771-bib-0104){ref-type="ref"}).

Previous MR‐based investigations of the relationship between subcortical anatomy and age have typically focused on volumetry; however, there are exceptions (Callaghan et al., [2014](#hbm24771-bib-0020){ref-type="ref"} \[voxel‐based quantification\]; Cherubini, Péran, Caltagirone, Sabatini, & Spalletta, [2009](#hbm24771-bib-0028){ref-type="ref"} \[volume, iron deposition, and microstructural damage\]; Raznahan et al., [2014](#hbm24771-bib-0112){ref-type="ref"} \[shape analyses\]; Xu, Wang, & Zhang, [2008](#hbm24771-bib-0139){ref-type="ref"} \[iron deposition\]; Ziegler et al., [2012](#hbm24771-bib-0142){ref-type="ref"} \[voxel‐based morphometry\]). Notably, mapping subcortical shape, specifically surface area can be used to pinpoint neuroanatomical alterations that may be complementary to or even more sensitive than traditional volumetric measures. A recent study by Raznahan et al. ([2014](#hbm24771-bib-0112){ref-type="ref"}) examined subcortical shape, in addition to volume, in typically developing males and females between the ages of 5 and 25 years, using the MAGeT‐Brain subcortical morphology pipeline (Chakravarty et al., [2013](#hbm24771-bib-0027){ref-type="ref"}; Pipitone et al., [2014](#hbm24771-bib-0105){ref-type="ref"}). They observed that striatal, pallidal, and thalamic subdomains typically described as being connected to frontoparietal association cortices contract with age, and demonstrated a nuanced and multidimensional description of age‐related subcortical morphological relationships.

Given that T1w and T2w images are commonly acquired in many neuroimaging studies, and the T1w/T2w signal ratio technique can be used as an estimate of the underlying microstructure, where the signal contribution comes, in part, from myelin. This putative and controversial (see [section 4](#hbm24771-sec-0021){ref-type="sec"}) MR‐accessible proxy of myelin is based on the principle that the signal intensity of T1w and T2w images are assumed to be directly and inversely proportional to myelin contrast, respectively.

The objective of this study is to investigate the normative relationships between age and subcortical volume across the adult lifespan in healthy individuals between the ages of 18 and 83 using structural MRI. In addition, a unique contribution of this manuscript is the complementary analyses of microstructure and surface‐based morphometry measures of the striatum, globus pallidus, and thalamus in order to achieve a multi‐dimensional normative baseline across several indices related to microstructure and morphology. Furthermore, we sought to examine a potential factor related to the different age trajectories reported in the literature; the effect of quality control (QC) and segmentation accuracy. Recent work from our group, Bedford et al. ([2019](#hbm24771-bib-0011){ref-type="ref"}), and others (Ducharme et al., [2016](#hbm24771-bib-0035){ref-type="ref"}) demonstrate that varying levels of QC alter cortical thickness age trajectories radically. When implementing strict QC criteria, both studies report previously observed higher order trajectories were mostly replaced by linear effects. Given that details about data exclusion from QC procedures are underreported, lenient or nonexistent QC procedures may account for spurious findings, contributing to the lack of reproducibility of the findings in subsequent investigations, and possibly playing a significant role in the inconsistency of volumetry results reported in the healthy aging literature.

2. METHODS {#hbm24771-sec-0002}
==========

2.1. Subjects demographics {#hbm24771-sec-0003}
--------------------------

A total of 253 healthy individuals (107 males and 146 females, mean age = 58.2 ± 15.6, age range: 18--83) were recruited across two studies: as part of a study investigating the effects of normal and healthy aging on neuroanatomy (Healthy Aging \[HA\] Study), or as a control group in a study investigating high‐resolution MRI‐based biomarkers for identifying risk for Alzheimer\'s disease (Alzheimer\'s Disease Biomarkers \[ADB\] Study). Table [1](#hbm24771-tbl-0001){ref-type="table"} describes summary subject characteristics for the two studies (prequality and postquality control). All participants provided signed informed consent to participate in either study, both of which were approved by the Research Ethics Board of the Douglas Mental Health University Institute, Montreal, QC, Canada. Individuals with a history of neurological or psychiatric illness, physical injuries such as head trauma and concussion, alcohol/substance abuse or dependence, and current drug use were excluded. The cognitive status of the participants was evaluated using the MMSE (Mini Mental State Examination) for the HA Study, and the MMSE and MoCA (Montreal Cognitive Assessment) for the healthy controls in the ADB Study. Subjects with a MMSE score ≥24/30 and a MoCA ≥26/30 were considered eligible. All participants were also evaluated using the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS, Version A; Randolph, Tierney, Mohr, & Chase, [1998](#hbm24771-bib-0108){ref-type="ref"}). This 30‐min battery yields Index Scores in five cognitive domains: Language, immediate memory, delayed memory, attention, and visuospatial abilities, as well as a Total Score. The Wechsler Abbreviated Scale of Intelligence (WASI; Weschler, [1999](#hbm24771-bib-0136){ref-type="ref"}) was used to obtain a general indication of cognitive functioning for all participants in the Healthy Aging Study. Participant performance on two tasks of the WASI, the vocabulary task and the matrix reasoning task, were converted to age group‐specific T‐scores and summed to yield a full‐scale intelligence quotient (IQ) score. Cognitive ability of the participants from the two studies is characterized in Table [1](#hbm24771-tbl-0001){ref-type="table"}.

###### 

Subject demographics

                                                 Pre‐QC        Post‐QC for morphological analyses   Post‐QC for T1w/T2w analyses                                                                             
  ---------------------------------------------- ------------- ------------------------------------ ------------------------------ -------------- -------------- ------------- -------------- -------------- -------------
  *N*                                            253           106                                  147                            178            90             88            162            87             75
  Mean age (years) (±*SD*)                       58.2 (15.6)   46.2 (16.5)                          66.9 (6.3)                     54.9 (15.7)    44.5 (15.4)    65.6 (5.8)    54.3 (16.2)    44.2 (15.4)    66.1 (5.9)
  Sex (female:male)                              146:107       57:49                                89:58                          110:68         52:38          58:30         101:61         51:36          50:25
  Handedness (\# right‐handers)                  188           106                                  82                             141            90             51            137            87             50
  Average number of years of education (±*SD*)   16.4 (3.4)    16.6 (3.3)                           16.3 (3.4)                     16.7 (3.4)     16.6 (3.4)     16.7 (3.4)    16.6 (3.4)     16.7 (3.4)     16.6 (3.5)
  MMSE (±*SD*)                                   28.6 (1.5)    28.8 (1.3)                           28.4 (1.6)                     28.8 (1.4)     29.0 (1.2)     28.6 (1.6)    28.8 (1.4)     29.0 (1.2)     28.5 (1.6)
  MOCA (±*SD*)                                   NA            NA                                   26.4 (2.7)                     NA             NA             26.5 (2.6)    NA             NA             26.3 (2.7)
  RBANS (±*SD*)                                  99.9 (13.2)   101.6 (14.1)                         98.7 (12.4)                    101.2 (13.5)   102.8 (13.7)   99.7 (13.3)   101.4 (13.6)   103.2 (13.5)   99.4 (13.6)
  WASI (IQ) (±*SD*)                              NA            104.3 (18.9)                         NA                             NA             103.9 (18.1)   NA            NA             104.6 (17.8)   NA

*Note*. Summary subject characteristics for the total sample, as well as the two studies (Healthy Aging Study \[HA\] and Alzheimer\'s Disease Biomarker Study \[ADB\]) separately, for all subjects prior to any quality control (QC; pre‐QC) and for all subjects that passed quality controls for each of the two analyses conducted (Post‐QC for Morphological Analyses & Post‐QC for T1w/T2w Analyses). For the morphological analyses (i.e., volume and shape analyses), subjects were excluded first based on the motion/artifacts QC scores in the T1w images, and then based on score of accuracy of MAGeT label outputs. For the T1w/T2w analyses, subjects were excluded based on the motion/artifacts QC scores in T1w and T2w images, and based on score of accuracy of MAGeT label outputs.

Abbreviations: IQ, intelligence quotient; MMSE, Mini Mental State Examination; MoCA, Montreal Cognitive Assessment; RBANS, Repeatable Battery for the Assessment of Neuropsychological Status; *SD*, standard deviation; WASI, Wechsler Abbreviated Scale of Intelligence.

2.2. Imaging data acquisition {#hbm24771-sec-0004}
-----------------------------

All participants were imaged on a Siemens Trio 3 T MRI scanner using a 32‐channel head coil. T1w structural images were acquired using the Alzheimer\'s Disease Neuroimaging Initiative (ADNI) magnetization‐prepared rapid acquisition gradient echo (MPRAGE) protocol (TE/TR = 2.98 ms/2,300 ms, TI = 900 ms, α = 9°, 256 × 240 × 176 matrix, GRAPPA of 2, bandwidth = 238 Hz/pixel, 1.00 mm isotropic voxel dimensions, and scan time 5:12; Jack Jr et al., [2008](#hbm24771-bib-0069){ref-type="ref"}) for all 253 participants. Two T2w MR images were acquired using a turbo spin echo sequence (TE/TR = 198 ms/2500 ms, 350 × 263 × 350 mm^3^, phase partial Fourier 6/8, GRAPPA of 2, turbo factor = 87, bandwidth = 781 Hz/pixel, 0.64 mm isotropic voxel dimensions, and scan time 13:22) for the individuals that participated in the HA study (*N* = 106; mean age = 46.2 ± 16.5, 49 males and 57 females), whereas one T2w image was acquired using the same acquisition, with a single average and partial Fourier to shorten acquisition time (scan time 10:02) for the individuals that participated in the ADB study (*N* = 145; mean age = 66.9 ± 6.3, 58 males and 87 females). Specifically, the slice partial Fourier was set to 6/8 in the ADB study in order to shorten the acquisition time to about 10 min given that this acquisition sequence is particularly sensitive to motion, and decreasing acquisition time would aid in reducing subject motion. While this change comes at a slight cost in image quality, mainly signal‐to‐noise ratio, there should be no effect on image contrast (Feinberg, Hale, Watts, Kaufman, & Mark, [1986](#hbm24771-bib-0038){ref-type="ref"}).

2.3. Image processing {#hbm24771-sec-0005}
---------------------

### 2.3.1. Preprocessing {#hbm24771-sec-0006}

To obtain volume and surface‐based metrics, T1w images were preprocessed using the minc‐bpipe‐library (<https://github.com/CobraLab/minc-bpipe-library>) for improved segmentation accuracy. This preprocessing pipeline consisted of a N4 nonuniformity correction (Tustison et al., [2010](#hbm24771-bib-0128){ref-type="ref"}) and brain extraction, which was performed using the BEaST algorithm (Eskildsen et al., [2012](#hbm24771-bib-0036){ref-type="ref"}) and used to obtain a measure of total brain volume.

For subjects where two T2w images were acquired, the two T2w images were rigidly aligned, using antsRegistration from the Advanced Normalization Tools (ANTs) registration and segmentation toolkit (<http://stnava.github.io/ANTs/>), and then averaged for improved signal‐to‐noise. No additional preprocessing was performed on the T2w images since native T1w and T2w images are required for the creation of the T1w/T2w images (Glasser & Van Essen, [2011](#hbm24771-bib-0050){ref-type="ref"}).

### 2.3.2. Quality control {#hbm24771-sec-0007}

All images were visually inspected by one rater (ST) for artifacts. Images with motion artifacts were discarded following the QC procedure implemented by our group, as described in Bedford et al. ([2019](#hbm24771-bib-0011){ref-type="ref"}), and can be found on our GitHub page, <https://github.com/CobraLab/documentation/wiki/Motion-Quality-Control-Manual>. All segmentations were quality controlled by visual inspection, such that all labels that were not deemed accurate were excluded from the statistical analyses, following the QC procedure implemented by our group (<https://github.com/CobraLab/documentation/wiki/MAGeT-Brain-Quality-Control-(QC)-Guide>). Table [S1](#hbm24771-supitem-0001){ref-type="supplementary-material"} describes the exclusion rate at each QC step.

After QC, we obtain a final sample of 178 subjects for the volume and shape analyses, and a final sample of 162 subjects for the T1w/T2w analyses. These final samples were used for all subsequent analyses, except for those detailed in [Section 3.6](#hbm24771-sec-0020){ref-type="sec"}. "Impact of QC on Age Trajectories". See Table [1](#hbm24771-tbl-0001){ref-type="table"} for a summary of subject characteristics post‐QC for both the morphological (volume and shape) and T1w/T2w analysis. See Figure [S1](#hbm24771-supitem-0001){ref-type="supplementary-material"} for age histograms pre‐ and post‐QC.

### 2.3.3. Volume and shape measures {#hbm24771-sec-0008}

The preprocessed T1w images were segmented using MAGeT‐Brain, a multi‐atlas registration‐based segmentation tool (Chakravarty et al., [2013](#hbm24771-bib-0027){ref-type="ref"}; Pipitone et al., [2014](#hbm24771-bib-0105){ref-type="ref"}). Five high‐resolution T1w MRI atlases of the striatum, globus pallidus, and thalamus were used (Chakravarty, Bertrand, Hodge, Sadikot, & Collins, [2006](#hbm24771-bib-0023){ref-type="ref"}; Tullo et al., [2018](#hbm24771-bib-0127){ref-type="ref"}) to derive subject‐based segmentations for all subjects. Structure volumes were extracted from the resulting label images. Surface‐based metrics, specifically surface area, were generated by the MAGeT‐Brain pipeline for the left and right striatum, globus pallidus, and thalamus using a surface mapping technique previously described (Makowski et al., [2018](#hbm24771-bib-0087){ref-type="ref"}; Raznahan et al., [2014](#hbm24771-bib-0112){ref-type="ref"}; Shaw et al., [2014](#hbm24771-bib-0117){ref-type="ref"}, [2015](#hbm24771-bib-0118){ref-type="ref"}).

To reduce the number of participants excluded due to segmentation inaccuracies, we sought to improve the registrations generated by our automated segmentation pipeline, MAGeT‐Brain, in an effort to improve the accuracy of the subject‐based segmentation generated. Specifically, two implementations were added to improve the registration between the atlases and the subject images; the first was separating the left and right hemisphere, and the second was masking the registration to focus on the areas of interest (Chakravarty et al., [2009](#hbm24771-bib-0026){ref-type="ref"}; Chakravarty, Sadikot, Germann, Bertrand, & Collins, [2008](#hbm24771-bib-0025){ref-type="ref"}). These implementations improve the registration by limiting the constraints on the source to target matching of the entire image. See Figure [S2](#hbm24771-supitem-0001){ref-type="supplementary-material"} for an example of the output from the MAGeT‐Brain segmentation pipeline, and the improved segmentation output using the newest implementation of MAGeT‐Brain with the improved registration technique.

### 2.3.4. T1w/T2w measures {#hbm24771-sec-0009}

In addition to subcortical morphology (i.e., volume, surface area), we evaluated the T1w/T2w signal intensity ratio (Glasser & Van Essen, [2011](#hbm24771-bib-0050){ref-type="ref"}) to examine microstructure. The ratio of the T1w and T2w images of a subject provides a unitless quantity that has been shown to correlate with myelination (Glasser, Goyal, Preuss, Raichle, & Van Essen, [2014](#hbm24771-bib-0049){ref-type="ref"}; Glasser & Van Essen, [2011](#hbm24771-bib-0050){ref-type="ref"}; Grydeland, Walhovd, Tamnes, Westlye, & Fjell, [2013](#hbm24771-bib-0056){ref-type="ref"}; Shafee, Buckner, & Fischl, [2015](#hbm24771-bib-0116){ref-type="ref"}; Uddin et al., [2018](#hbm24771-bib-0129){ref-type="ref"}; Uddin, Figley, Solar, Shatil, & Figley, [2019](#hbm24771-bib-0130){ref-type="ref"}), however, iron and inflammation have also been observed to contribute to MR image contrast (Tardif et al., [2016](#hbm24771-bib-0126){ref-type="ref"}). Therefore, in the context of this manuscript, we use T1w/T2w signal ratio as a general microstructure index that is at least partially correlated with myelin.

To enable voxel‐by‐voxel correspondence between the native T1w and T2w images for the creation of the T1w/T2w images, native T2w images (either the averaged or single image) were rigidly matched to the native T1w image for each subject (Collins, Neelin, Peters, & Evans, [1994](#hbm24771-bib-0030){ref-type="ref"}). However, since the voxel dimensions in the T1w and T2w images are different (1 × 1 × 1 mm^3^ and 0.64 × 0.64 × 0.64 mm^3^, respectively), before performing the rigid registration, the T1w images were upsampled to 0.64 mm isotropic voxel dimensions with a windowed sinc interpolation. T1w/T2w outliers were detected and corrected using a variant of the method implemented by Glasser and Van Essen ([2011](#hbm24771-bib-0050){ref-type="ref"}), as this method was developed for filtering cortical surface based T1w/T2w values. Voxels within the three regions of interest that had a T1w/T2w value over two standard deviations from the mean of their neighborhood (which includes 12 voxels in each of *x*, *y*, *z* directions) were detected and corrected by replacing the value with a Gaussian‐weighted average of the neighboring voxels, using a three‐dimensional Gaussian weighting (FWHM = 5 mm). The mean of the T1w/T2w voxel intensities within each structure label was then computed for each subject.

2.4. Statistical analyses {#hbm24771-sec-0010}
-------------------------

Statistical analyses investigating how age predicts subcortical volumes was performed using general linear models (GLM) in R (<https://www.r-project.org>), with total brain volume and sex as covariates. The model was applied individually to each structure, and was performed separately for the left and right hemisphere.

A vertex‐wise linear regression was performed to examine local surface area across the adult lifespan, using the same model as the volume analyses. False discovery rate (FDR; Benjamini & Hochberg, [1995](#hbm24771-bib-0014){ref-type="ref"}) was performed on the vertex‐wise analyses of surface area to correct for multiple comparisons. Results are displayed between the 1 and 5% FDR threshold.

A mixed effects model was performed to examine the relationship between age and T1w/T2w for each structure of interest, separately for each hemisphere. We modeled T2w acquisition type as a two level random factor to control for possible differences in signal intensity due to the slightly different T2w acquisition parameters, while taking advantage of expected comparability of age‐related effects (Fennema‐Notestine et al., [2007](#hbm24771-bib-0039){ref-type="ref"}).

Volumetric and T1w/T2w analyses were first tested for the best fit using linear, quadratic, and cubic age terms using the Akaike information criterion (AIC; Akaike, [1974](#hbm24771-bib-0003){ref-type="ref"}). AIC was used to compare models and select the most probable age relationships from multiple fits (linear, quadratic, and cubic) for each structure of interest. The fit with the lowest AIC was chosen as the best fit model, which was performed and reported for each structure Wagenmakers & Farrell, [2004](#hbm24771-bib-0133){ref-type="ref"}.

Permutation testing was performed by permuting each variable of interest in the linear model for each structure, for both the volumetric and microstructural analyses. A total of 10,000 permutations were used to yield an accurate assessment of the probability of false positive when examining the AIC‐determined relationship with age, under the null hypothesis that the labels are interchangeable (Bernal‐Rusiel et al., [2013](#hbm24771-bib-0015){ref-type="ref"}; Knijnenburg, Wessels, Reinders, & Shmulevich, [2009](#hbm24771-bib-0075){ref-type="ref"}). Using this estimated distribution, *p* values were calculated for each subcortical structure, obtained using the lmp and lmm.perm functions in R for general linear models and mixed effects models respectively. The *p*‐value is the probability of obtaining a result similar to the test statistic given that the null hypothesis is true, such that low *p* values indicate that the labels are not interchangeable and that the original label configuration is relevant with respect to the data (Knijnenburg et al., [2009](#hbm24771-bib-0075){ref-type="ref"}). The *p*‐value is assessed by performing all possible permutations and computing the fraction of permutation values that are at least as extreme as the test statistic obtained from the unpermuted data (Knijnenburg et al., [2009](#hbm24771-bib-0075){ref-type="ref"}).

### 2.4.1. Examining the effect of education on age relationships {#hbm24771-sec-0011}

Since the relationship between education and brain morphology is well‐known in the aging and neurodegeneration literature (Fotenos, Mintun, Snyder, Morris, & Buckner, [2008](#hbm24771-bib-0043){ref-type="ref"}; Mungas et al., [2018](#hbm24771-bib-0090){ref-type="ref"}; Querbes et al., [2009](#hbm24771-bib-0107){ref-type="ref"}; Solé‐Padullés et al., [2009](#hbm24771-bib-0120){ref-type="ref"}), the analyses were repeated with years of education as an added covariate (see [Section 3.4](#hbm24771-sec-0018){ref-type="sec"} and [Supplementary Results](#hbm24771-supitem-0001){ref-type="supplementary-material"} Section for more details).

### 2.4.2. Examining the effect of sex {#hbm24771-sec-0012}

Each of the models performed and reported in the manuscript were chosen using AIC, such that the best fit model for these data, occurred when modeling sex as covariate, in comparison to when modeling an age by sex interaction (regardless of the fit age term \[linear, quadratic, cubic\]). However, given that some studies report sex effects in the aging literature (Coffey et al., [1998](#hbm24771-bib-0029){ref-type="ref"}; Good et al., [2001](#hbm24771-bib-0051){ref-type="ref"}; Guadalupe et al., [2017](#hbm24771-bib-0057){ref-type="ref"}; Murphy et al., [1996](#hbm24771-bib-0091){ref-type="ref"}; Pfefferbaum et al., [2013](#hbm24771-bib-0103){ref-type="ref"}; Van der Werf et al., 2001; Xu et al., [2000](#hbm24771-bib-0138){ref-type="ref"}; and other do not; Abedelahi, Hasanzadeh, Hadizadeh, & Joghataie, [2013](#hbm24771-bib-0001){ref-type="ref"}; Fjell et al., [2009](#hbm24771-bib-0041){ref-type="ref"}; Giedd et al., [1996](#hbm24771-bib-0047){ref-type="ref"}; Greenberg et al., [2008](#hbm24771-bib-0055){ref-type="ref"}; Lemaître et al., [2005](#hbm24771-bib-0084){ref-type="ref"}; Narvacan et al., [2017](#hbm24771-bib-0092){ref-type="ref"}; Raz et al., [2003](#hbm24771-bib-0111){ref-type="ref"}; Sullivan et al., [2004](#hbm24771-bib-0122){ref-type="ref"}; Wyciszkiewicz & Pawlak, [2014](#hbm24771-bib-0137){ref-type="ref"}), we nonetheless examined whether there was a significant age by sex interaction in each of the models for each analysis (volume, surface area, and T1w/T2w), where once again AIC was used to determine the best fit for the age term (see [Section 3.5](#hbm24771-sec-0019){ref-type="sec"} and [Supplementary Results](#hbm24771-supitem-0001){ref-type="supplementary-material"} Section for more details).

### 2.4.3. Examining the impact of QC on volumetric age relationships {#hbm24771-sec-0013}

Given the diverging results of age--volume relationships reported in the healthy aging literature, we sought to examine a potential factor contributing to the inconsistent volumetry results observed: Varying levels of segmentation accuracy. Across the literature, various segmentation pipelines were used (manual segmentation, FreeSurfer, FSL, etc ...), and there is little to no mention of the QC procedures that were used to assess segmentation accuracy and quality in addition to a description of the subjects that failed QC from the analyses. Increasingly, we see a growing need to address this confound as a means of increasing transparency and improving reproducibility (Backhausen et al., [2016](#hbm24771-bib-0008){ref-type="ref"}; Ducharme et al., [2016](#hbm24771-bib-0035){ref-type="ref"}; Keshavan et al., [2018](#hbm24771-bib-0074){ref-type="ref"}; Makowski et al., [2018](#hbm24771-bib-0087){ref-type="ref"}; Shehzad et al., [2015](#hbm24771-bib-0119){ref-type="ref"}).

To assess the potential impact of exclusion based on segmentation accuracy, we compared the results obtained for the volume analyses on the subset of the subjects that participated in the ADB study (a representative sample of subjects that passed T1w motion QC \[*n* = 65 subjects\]) when using three different methods of segmentation; (a) manual correction of the automated segmentation generated using MAGeT‐Brain (*n* = 65); (b) using the original version of MAGeT (*n* = 47); (c) using the improved version of MAGeT (i.e., with the changes made to improve atlas‐to‐subject registration, as described in the methods section; *n* = 53). Table [2](#hbm24771-tbl-0002){ref-type="table"} describes summary subject characteristics for each of the three QC samples.

###### 

Subject demographics of QC analyses

                                               All subjects that passed motion QC (using manually corrected labels) (n = 65)   Subjects that passed motion QC and original MAGeT QC (n = 47)   Subjects that passed motion QC and improved MAGeT QC (n = 53)   Total ADB (post‐QC for morphological analyses)
  -------------------------------------------- ------------------------------------------------------------------------------- --------------------------------------------------------------- --------------------------------------------------------------- ------------------------------------------------
  N                                            65                                                                              47                                                              53                                                              88
  Mean age (years) (±SD)                       68.0 (6.5)                                                                      66.3 (5.9)                                                      37.1 (5.9)                                                      65.6 (5.8)
  Sex (female:male)                            37:28                                                                           30:17                                                           31:22                                                           58:30
  Handedness (\# right‐handers)                57                                                                              41                                                              41                                                              51
  Average number of years of education (±SD)   16.4 (4.0)                                                                      16.6 (4.0)                                                      16.7 (3.9)                                                      16.7 (3.4)
  MMSE (±SD)                                   28.3 (1.8)                                                                      28.7 (1.6)                                                      28.5 (1.5)                                                      28.6 (1.6)
  MOCA (±SD)                                   35.4 (2.9)                                                                      25.6 (2.8)                                                      25.3 (2.8)                                                      26.5 (2.6)
  RBANS (±SD)                                  97.1 (14.4)                                                                     97.9 (13.0)                                                     97.1 (15.0)                                                     99.7 (13.3)

Abbreviations: IQ, intelligence quotient; MMSE, Mini Mental State Examination; MoCA, Montreal Cognitive Assessment; RBANS, Repeatable Battery for the Assessment of Neuropsychological Status; *SD*, standard deviation; WASI, Wechsler Abbreviated Scale of Intelligence.

Statistical analyses investigating the age--volume relationship was performed as previously described above, using GLMs with total brain volume and sex as covariates, and AIC was used to determine the best fit using linear, quadratic, and cubic age terms using AIC.

3. RESULTS {#hbm24771-sec-0014}
==========

3.1. Relationship between subcortical volume and age {#hbm24771-sec-0015}
----------------------------------------------------

All three subcortical structures showed significant volume--age relationships bilaterally. Figure [1](#hbm24771-fig-0001){ref-type="fig"} shows the scatter plots for the relationship between age and volume for the left and right striatum, globus pallidus, and thalamus across the entire adult lifespan. After assessing linear, quadratic, and cubic age terms with the AIC, the linear model was the best fit for the globus pallidus (left: *F*(*df*) = 27.9 (3,173); *p* = 8.98E‐11; *R* ^2^ = .315; right: *F*(*df*) = 19.2 (3,173); *p* \< 2.2E‐16; *R* ^2^ = .237), whereas the quadratic model was the best fit for the striatum and thalamus (all associations held bilaterally; left striatum: *F*(*df*) = 64.0 (4,172); *p* \< 2.2E‐16; *R* ^2^ = .589; right striatum: *F*(*df*) = 59.1 (4,172); *p* \< 2.2E‐16; *R* ^2^ = .569; left thalamus: *F*(*df*) = 82.5 (4,172); *p* \< 2.2E‐16; *R* ^2^ = .649; right thalamus: *F*(*df*) = 80.6 (4,172); *p* \< 2.2E‐16; *R* ^2^ = .644). These findings are consistent with findings from previous brain imaging studies (Goodro et al., [2012](#hbm24771-bib-0052){ref-type="ref"}; Greenberg et al., [2008](#hbm24771-bib-0055){ref-type="ref"}; Gunning‐Dixon et al., [1998](#hbm24771-bib-0058){ref-type="ref"}; Hasan, Halphen, Boska, & Narayana, [2008](#hbm24771-bib-0064){ref-type="ref"}; Inano et al., [2013](#hbm24771-bib-0066){ref-type="ref"}; Jernigan et al., [2001](#hbm24771-bib-0073){ref-type="ref"}; Raz et al., [2005](#hbm24771-bib-0109){ref-type="ref"}; Sullivan et al., [2004](#hbm24771-bib-0122){ref-type="ref"}; Walhovd et al., [2005](#hbm24771-bib-0134){ref-type="ref"}).

![Age‐related changes in volume. Regression plots showing the relationships between age and the volume for the striatum, globus pallidus, and thalamus. Negative linear relationships were revealed to be the best fit model, as determined by AIC, for the globus pallidus (left: *p* = .00102; right: *p* = .0295), whereas a quadratic relationship was the best fit model for the thalamus (left: *p* = 0.0148; right: *p* = 0.0108). No significant quadratic age effects were observed for the striatum, despite being the best fit model as determined by AIC; see Figure [S3](#hbm24771-supitem-0001){ref-type="supplementary-material"} for linear age effects for the bilateral striatum volume](HBM-40-5269-g001){#hbm24771-fig-0001}

GLM analyses showed significant linear age effects for the globus pallidus (left: *t* = −3.34, *p* = .00102; right: *t* = −2.20, *p* = .0295) and significant quadratic age effects for the thalamus (left: *t* = −2.46, *p* = .0148; right: *t* = −2.58, *p* = .0108) volumes; however, no significant quadratic age effects were observed for the striatum. Exploratory analyses of the linear age term in the best fit quadratic model for the striatum revealed significant linear age effects (left: *t* = −7.14, *p* = 2.56E‐11; right: *t* = −6.62, *p* = 4.44E‐10). See Figure [S3](#hbm24771-supitem-0001){ref-type="supplementary-material"} for linear volume--age relationship for the bilateral striatum. After permutation testing, the AIC‐determined models remained significant for all three structures of interest bilaterally (left striatum: *p* = \<2E‐16; right striatum: *p* = \<2E‐16; left globus pallidus: *p* = \<2E‐16; right globus pallidus: *p* = .0474; left thalamus: *p* = .0168; right thalamus: *p* = .0106).

3.2. Relationship between subcortical shape and age {#hbm24771-sec-0016}
---------------------------------------------------

When examining the relationship between age and surface area across the adult lifespan, we observed linear age‐related regional surface areal expansion and contraction in all three structures of interest bilaterally. These results were relatively symmetrical between the hemispheres for all three structures of interest; however, this was observed to a lesser extent for the globus pallidus.

For the striatum, we observed a ventral/dorsal dichotomy, wherein we observed age‐related linear surface area contraction on the dorsal side with areal expansion on the ventral side. Specifically, at the 1% FDR level, striatal area contraction with age is most evident in the anterior part of the striatum, in the anterior caudate nucleus and nucleus accumbens regions, as well as in the medial posterior regions of the putamen (left striatum: *t* = 2.91; right striatum: *t* = 2.87). Additionally, striatal areal expansion was observed along the medial surface of the entire anterior--posterior axis of the caudate nucleus, with strong age effects on the dorsal region of the tail of the caudate nucleus.

The pallidum also shows an areal contraction with age in the posterior regions, predominantly localized to the medial regions of the left and right globus pallidus. However, for the right globus pallidus, we also observed a pronounced age‐related areal contraction on the dorsal region of this structure. The effect of age on pallida surface area was observed at the 1% FDR level (left: *t* = 2.83; right: *t* = 2.87).

Finally, at the 1% FDR level, the thalamus shows a widespread pattern of age‐related areal contraction in the posterior regions bilaterally, specifically at the posterior end and in the ventral posterior region, as well as bilaterally in the anterior medial regions of the nucleus (left: *t* = 2.77; right: *t* = 2.73). See Figure [2](#hbm24771-fig-0002){ref-type="fig"} for regions where a significant surface area--age relationship was observed.

![Age‐related areal contraction and expansion in shape (surface area) observed at the 1% FDR threshold. Red color maps indicate local surface area expansion with age after 1--5% FDR correction; blue color maps on the subcortical surfaces indicate local surface area contraction with age after 1--5% FDR correction. Each plot displays the age versus surface area measurements for peak vertex (denoted by a white asterisk). (a) Age‐related expansion in surface area of the bilateral medial and dorsal posterior caudate nucleus. (b) Age‐related contraction in surface area of the bilateral anterior and medial anterior striatum, particularly the anterior caudate nucleus and nucleus accumbens. (c) Age‐related contraction was observed in the medial posterior end of the left and right globus pallidus. (d) Age‐related contraction in surface area of the bilateral thalami, particularly in the anterior medial region and in the pulvinar nucleus (located at the posterior end of the thalamus) \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](HBM-40-5269-g002){#hbm24771-fig-0002}

3.3. Relationship between subcortical T1w/T2w signal ratio and age {#hbm24771-sec-0017}
------------------------------------------------------------------

AIC was performed to determine the best fit age model curves between linear, quadratic, or cubic. The quadratic model was the best fit for all structures bilaterally. We observed an initial increase followed by a subsequent decline of average T1w/T2w, with a peak average T1w/T2w occurring at mid‐life for all three structures bilaterally. The peak average T1w/T2w occurs at around 50 years old for the left and right striatum, whereas the peak occurs earlier, at around 45 years old, in the left and right globus pallidus and thalamus.

Quadratic age‐related relationships with average T1w/T2w were observed bilaterally in the striatum (left: *t* = −4.35, *p* = 2.43E‐5; right: *t* = −4.94, *p* = 1.95E‐6), globus pallidus (left: *t* = −2.65, *p* = .00891; right: *t* = −3.327, *p* = .00109), and thalamus (left: *t* = −3.66, *p* = .000341; right: *t* = −3.95, *p* = .000116). Figure [3](#hbm24771-fig-0003){ref-type="fig"} shows the scatter plots for the relationship between age and average T1w/T2w for all three subcortical structures bilaterally. Figure [S4](#hbm24771-supitem-0001){ref-type="supplementary-material"} shows the contribution of the T1w and T2w signal intensity to the T1w/T2w ratio for each subject across the adult age span.

![T1w/T2w--age relationships. Plots showing the relationship between age and average T1w/T2w for the striatum (left: *t* = −4.35, *p* = 2.43e−5; right: *t* = −4.94, *p* = 1.95E‐6), globus pallidus (left: *t* = −2.65, *p* = .00891; right: *t* = −3.33, *p* = .00109), and thalamus (left: *t* = −3.66, *p* = .000341; right: *t* = −3.95, *p* = .000116), where the size of the points denotes the within‐structure variance. The quadratic model was the best fit for all structures bilaterally, as determined by AIC. Quadratic age‐related decline was observed for all structures of interest, where we observed an initial increase followed by a subsequent decline of average T1w/T2w, with a peak average T1w/T2w occurring at mid‐life for all three structures bilaterally. The peak average T1w/T2w occurs at around 50 years old for the left and right striatum, whereas the peak occurs earlier, at around 45 years old, in the left and right globus pallidus and thalamus. After permutation testing, the quadratic model was no longer significant for the striatum \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](HBM-40-5269-g003){#hbm24771-fig-0003}

After permutation testing, the AIC‐determined quadratic age relationships remained significant for the globus pallidus and thalamus bilaterally (left globus pallidus: *p* = .0133; right globus pallidus: *p* = .0201; left thalamus: *p* = .0026; right thalamus: *p* = .0058); however, for the striatum, while the left striatum demonstrates a trend toward significance (left striatum: *p* = .0702), the right striatum is no longer significant after permuting the model (right striatum: *p* = .166).

3.4. Effect of years of education {#hbm24771-sec-0018}
---------------------------------

The results do not significantly change when education is considered as a covariate in the statistical analyses. The only difference in significance was for the T1w/T2w analyses of the striatum. After permutation testing, the left and the right striatum were no longer significant after permuting the model (left: *p* = .11; right: *p* = .35), whereas previously the left striatum was trending toward significance (p = .0702). See Supplementary Results section ([Section 3.4](#hbm24771-sec-0018){ref-type="sec"}, Figures [S5--S7](#hbm24771-supitem-0001){ref-type="supplementary-material"}, and Table [S2](#hbm24771-supitem-0001){ref-type="supplementary-material"}) for a detailed description of these results.

3.5. Effect of sex {#hbm24771-sec-0019}
------------------

When sex was modeled as a covariate, the main effect of sex was not significant in any of the analyses performed. In analyses including an age by sex interaction, for the T1w/T2w analyses, the interaction was significant for the left and right globus pallidus (left: *t* = −2.106, *p* = .0368; right: *t* = −2.033, *p* = .0438), where the best fit age term model remained quadratic (as did when modeling sex as covariate in the model), however these results would not survive multiple comparisons correction. See Figure S8 for the age by sex relationship for average T1w/T2w for the globus pallidus. Moreover, for the surface area analyses, significant linear age by sex interactions (at FDR 15%) were observed in three regions of the left striatum (medial and dorsal caudate nucleus and the anterior part of the striatum), neither of the regions where significant age effect were observed (as shown in Figure [2](#hbm24771-fig-0002){ref-type="fig"}). See Figure S8 for localized regions of the left striatum where a significant age by sex interaction was observed.

3.6. Impact of QC on age trajectories {#hbm24771-sec-0020}
-------------------------------------

Table [3](#hbm24771-tbl-0003){ref-type="table"} demonstrates the impact of exclusion on the level of significance and Table [4](#hbm24771-tbl-0004){ref-type="table"} demonstrates the best fit model obtained for each segmentation method. Notably, the level of significance for the volume analyses is different among the three samples, such that the relationship between volume and age is no longer significant in the sample where many subjects were excluded due to inaccurate segmentation generated by the segmentation pipeline. Furthermore, the AIC‐determined age--volume relationships for all of the subcortical structures bilaterally were linear for this most stringently QC\'ed sample, whereas different best‐fits were observed when including more subjects when using segmentation technique that generated greater segmentation accuracy (manual segmentation and the improved version of MAGeT‐Brain).

###### 

Impact of QC on the level of significance

                             All subjects that passed motion QC (using manually corrected labels; *n* = 65)   Subjects that passed motion QC and original MAGeT QC (*n* = 47)   Subjects that passed motion QC and improved MAGeT QC (*n* = 53)                  
  -------- ----------------- -------------------------------------------------------------------------------- ----------------------------------------------------------------- ----------------------------------------------------------------- ------- ------ -------
  Volume   Striatum          \*\*\*                                                                           \*\*                                                              *n.s*                                                             *n.s*   \*     *n.s*
           Globus Pallidus   \*\*\*\*                                                                         \*\*\*                                                            *n.s*                                                             *n.s*   \*\*   \*
           Thalamus          \*\*\*\*                                                                         \*\*\*\*                                                          *n.s*                                                             *n.s*   \*\*   \*\*

^*n.s*^ *p* \> .05; \**p* ≤ 0.05; \*\**p* ≤ .01; \*\*\**p* ≤ .001; \*\*\*\**p* ≤ .0001.

###### 

Impact of QC on the best fit model (as determined by AIC) for volume analyses

                    All subjects that passed motion QC (using manually corrected labels; *n* = 65)   Subjects that passed motion QC and original MAGeT QC (*n* = 47)   Subjects that passed motion QC and improved MAGeT QC (*n* = 53)                        
  ----------------- -------------------------------------------------------------------------------- ----------------------------------------------------------------- ----------------------------------------------------------------- -------- ----------- --------
  Striatum          Linear                                                                           Linear                                                            Linear                                                            Linear   Quadratic   Linear
  Globus Pallidus   Linear                                                                           Linear                                                            Linear                                                            Linear   Linear      Cubic
  Thalamus          Cubic                                                                            Cubic                                                             Linear                                                            Linear   Linear      Linear

4. DISCUSSION {#hbm24771-sec-0021}
=============

This is the first report that simultaneously investigates subcortical volumes with corresponding local surface area measures and subcortical T1w/T2w using a healthy cohort of individuals spanning the entire adult lifespan (from ages 18 to 83). The results of this study support past evidence of differential aging of the striatum, globus pallidus, and thalamus across the adult lifespan in terms of morphology (i.e., volume, local surface area) and microstructure (i.e., T1w/T2w signal ratio). Differential subcortical volume--age relationships were observed across the entire adult lifespan when examining this cohort; we observed a negative linear volumetric relationship with age in the globus pallidus and a negative quadratic relationship with age in the thalamus. While the quadratic model was the best fit model for the striatum (as determined by AIC), the quadratic age term was not significant.

Complementary to the volume decline observed across the adult lifespan, local surface area contraction was observed for all three structures bilaterally, observed specifically in the posterior end of the globus pallidus and thalamus, and in the anterior regions of the striatum and thalamus, suggesting spatial specificity for the volumetric changes observed. Moreover, areal expansion was observed in the medial and dorsal posterior caudate nucleus region of the striatum. Average T1w/T2w was significantly different across the adult lifespan; a quadratic relationship was observed such that average T1w/T2w gradually increased until about mid‐age, then gradually declined thereafter, for all three structures of interest bilaterally, although the results for the striatum did not survive permutation testing.

Previous cross‐sectional studies of adults have consistently identified decreases in volume of the basal ganglia and thalamus across the lifespan. Consistent with our findings, linear and quadratic decreases were reported for the basal ganglia and thalamus (Goodro et al., [2012](#hbm24771-bib-0052){ref-type="ref"}; Greenberg et al., [2008](#hbm24771-bib-0055){ref-type="ref"}; Gunning‐Dixon et al., [1998](#hbm24771-bib-0058){ref-type="ref"}; Inano et al., [2013](#hbm24771-bib-0066){ref-type="ref"}; Raz et al., [2003](#hbm24771-bib-0111){ref-type="ref"}; Sullivan et al., [2004](#hbm24771-bib-0122){ref-type="ref"}; Van Der Werf et al., [2001](#hbm24771-bib-0131){ref-type="ref"}). However, these studies report mixed results for the type of age relationship observed, with some studies finding linear decreases while others find nonlinear decreases or no change in subjects spanning approximately 20--90 years of age (Fjell et al., [2013](#hbm24771-bib-0042){ref-type="ref"}; Goodro et al., [2012](#hbm24771-bib-0052){ref-type="ref"}; Greenberg et al., [2008](#hbm24771-bib-0055){ref-type="ref"}; Gunning‐Dixon et al., [1998](#hbm24771-bib-0058){ref-type="ref"}; Inano et al., [2013](#hbm24771-bib-0066){ref-type="ref"}; Narvacan et al., [2017](#hbm24771-bib-0092){ref-type="ref"}; Potvin et al., [2016](#hbm24771-bib-0106){ref-type="ref"}; Raz et al., [2003](#hbm24771-bib-0111){ref-type="ref"}; Sullivan et al., [2004](#hbm24771-bib-0122){ref-type="ref"}; Van Der Werf et al., [2001](#hbm24771-bib-0131){ref-type="ref"}; Walhovd et al., [2005](#hbm24771-bib-0134){ref-type="ref"}, [2011](#hbm24771-bib-0135){ref-type="ref"}). In particular, with regard to the striatum, inconsistencies in terms of trajectories are reported in the literature in part due to differences in its parcellation; some studies parse the striatum into the caudate nucleus, putamen, and nucleus accumbens (Cherubini et al., [2009](#hbm24771-bib-0028){ref-type="ref"}; Goodro et al., [2012](#hbm24771-bib-0052){ref-type="ref"}; Hagemeier et al., [2013](#hbm24771-bib-0060){ref-type="ref"}; Jäncke et al., [2015](#hbm24771-bib-0071){ref-type="ref"}; Narvacan et al., [2017](#hbm24771-bib-0092){ref-type="ref"}; Østby et al., [2009](#hbm24771-bib-0095){ref-type="ref"}; Walhovd et al., [2005](#hbm24771-bib-0134){ref-type="ref"}, [2011](#hbm24771-bib-0135){ref-type="ref"}). Partial volume effects and lack of contrast between the subdivisions of the striatum (limited contrast to delineate the border between the caudate nucleus and nucleus accumbens, as well as defining the subdivision relative to the fine‐scale cell bridges, known as striosomes, between the caudate and the putamen) were the main factors for investigating the striatum as a whole, as any attempt to subdivide the striatum is commonly based on heuristic definitions (Koo et al., [2006](#hbm24771-bib-0076){ref-type="ref"}; Levitt et al., [2002](#hbm24771-bib-0086){ref-type="ref"}; Yushkevich et al., [2006](#hbm24771-bib-0141){ref-type="ref"}). While recent work has explored data‐driven techniques to parcellate the striatum, for instance, using structural and/or functional connectivity, clustering techniques identify several clusters, parcellating the striatum beyond its traditional anatomic regions (caudate nucleus, putamen, and nucleus accumbens; Besson et al., [2017](#hbm24771-bib-0016){ref-type="ref"}; Janssen, Jylänki, Kessels, & van Gerven, [2015](#hbm24771-bib-0072){ref-type="ref"}; Pauli, O\'Reilly, Yarkoni, & Wager, [2016](#hbm24771-bib-0100){ref-type="ref"}). Beyond the variability in its delineation, we observe significant variability in the distribution of T1w/T2w values, particularly in older individuals (ages 55 and over; Figure [3](#hbm24771-fig-0003){ref-type="fig"}). A possible reason for why this variability occurs in these individuals, and consequently perhaps why the quadratic T1w/T2w age relationship did not survive permutation testing, is the increased variability typically observed in older individuals, as motor dysfunction, cognitive decline, and the prevalence of geriatric depression have been associated with age (Ardila, Ostrosky‐Solis, Rosselli, & Gómez, [2000](#hbm24771-bib-0005){ref-type="ref"}; Bartzokis, Lu, & Mintz, [2004](#hbm24771-bib-0009){ref-type="ref"}; Deary et al., [2009](#hbm24771-bib-0033){ref-type="ref"}; Seidler et al., [2010](#hbm24771-bib-0115){ref-type="ref"}; Volkow et al., [1998](#hbm24771-bib-0132){ref-type="ref"}). However, the thalamus has also been associated with motor and cognitive dysfunctions in aging and neurodegeneration (Halliday, [2009](#hbm24771-bib-0062){ref-type="ref"}; Tang et al., [2014](#hbm24771-bib-0124){ref-type="ref"}) yet there is seemingly less variability with the T1w/T2w values obtained for the thalamus in older individuals (compared to the values obtained for the striatum of these individuals; see Figure [3](#hbm24771-fig-0003){ref-type="fig"}). While the dorsal/ventral dichotomy observed with respect to surface area and age (with an areal contraction in more dorsal regions and an areal expansion in more ventral regions) could account for some of this variability (especially given the nature of an averaged T1w/T2w value), the biological underpinnings for this variability occurring with the striatum remain to be elucidated.

4.1. Possible biological and functional correlates {#hbm24771-sec-0022}
--------------------------------------------------

While MR‐based measures cannot provide insight to the underlying biological mechanisms of the findings observed across the adult lifespan, nonetheless, age‐related volumetric decline has previously been hypothesized to be the result of loss of neuronal bodies, decreases in dendritic arborization, synaptic pruning, refinement of circuits, and/or loss of connections (Gunning‐Dixon et al., [1998](#hbm24771-bib-0058){ref-type="ref"}; Narvacan et al., [2017](#hbm24771-bib-0092){ref-type="ref"}; Østby et al., [2009](#hbm24771-bib-0095){ref-type="ref"}; Pfefferbaum et al., [2013](#hbm24771-bib-0103){ref-type="ref"}; Raz et al., [2003](#hbm24771-bib-0111){ref-type="ref"}; Raz & Rodrigue, [2006](#hbm24771-bib-0110){ref-type="ref"}; Tamnes et al., [2013](#hbm24771-bib-0123){ref-type="ref"}; Ziegler et al., [2012](#hbm24771-bib-0142){ref-type="ref"}). However, it should be noted that the underlying cellular mechanisms driving volume reductions may be influenced by physiological mechanisms unique to each structure (Narvacan et al., [2017](#hbm24771-bib-0092){ref-type="ref"}). For example, iron accumulation in the brain has been shown to predict putamen but not caudate volume decline in late life (Daugherty & Raz, [2016](#hbm24771-bib-0032){ref-type="ref"}). In other words, further work examining these cellular mechanisms is crucial to understanding the potential sources underlying the relationship between age and morphology observed across the adult lifespan.

In addition to volume decline across the age span, we observed local surface area contraction in the posterior parts of the globus pallidus and thalamus, and in the anterior parts of the striatum and thalamus. These findings are of particular relevance given that these morphological findings, the volumetric decline with surface area contraction of these regions of the basal ganglia and thalamus, are in accordance with other age‐related findings reported in the literature. Particularly, the posterior regions of these basal ganglia nuclei, specifically the globus pallidus as well as the ventral posterior regions of the thalamus, are known to be involved in motor functions, given their indirect and direct respective projections to the sensorimotor cortical areas (Parent, [1990](#hbm24771-bib-0097){ref-type="ref"}), functions that have been reported to decline with age (Ardila et al., [2000](#hbm24771-bib-0005){ref-type="ref"}; Bartzokis et al., [2004](#hbm24771-bib-0009){ref-type="ref"}; Deary et al., [2009](#hbm24771-bib-0033){ref-type="ref"}; Seidler et al., [2010](#hbm24771-bib-0115){ref-type="ref"}; Volkow et al., [1998](#hbm24771-bib-0132){ref-type="ref"}). Moreover, the anterior striatum is known to be involved in associative and limbic functioning (Parent, [1990](#hbm24771-bib-0097){ref-type="ref"}); notably, the head of the caudate nucleus and the nucleus accumbens are subregions of the anterior striatum that are implicated in cognitive functioning and have also been previously reported to decline with age (Ardila et al., [2000](#hbm24771-bib-0005){ref-type="ref"}; Bartzokis et al., [2004](#hbm24771-bib-0009){ref-type="ref"}; Deary et al., [2009](#hbm24771-bib-0033){ref-type="ref"}; Seidler et al., [2010](#hbm24771-bib-0115){ref-type="ref"}; Volkow et al., [1998](#hbm24771-bib-0132){ref-type="ref"}). Furthermore, the pulvinar nucleus of the thalamus projects to the parietal and temporal association cortices, which are known to be affected in disorders of pathological aging, such as in Alzheimer\'s and Parkinson\'s disease (Braak et al., [2003](#hbm24771-bib-0018){ref-type="ref"}; Braak & Braak, [1995](#hbm24771-bib-0017){ref-type="ref"}).

In addition to surface area contraction and volumetric decline with age, we also observe an expansion of the local surface area of the medial and dorsal posterior regions of the caudate nucleus occurring with age, which are primarily involved in associative functioning, with some involvement in sensorimotor functioning from the anterior end of the medial caudate nucleus. However, it should be noted that the area in which the expansion is observed lies adjacent to the lateral ventricles. Given that ventricle size is known to increase with age, it is entirely possible that expansions in the ventricles could be influencing this finding. Nonetheless, despite an expansion in surface area in these dorsal regions of the striatum, we report an overall decline in global structure volume with age, which may be in part due to a greater surface area contraction occurring in the ventral part of the striatum.

Given that the focus of MR‐based investigations of subcortical structure have primarily focused on volumetry, the examination of other anatomically based morphological measures is crucial in parsing the heterogeneity of the findings reported in the aging literature, particularly for the basal ganglia. Of note, volumetric measurements of the basal ganglia in adults present a unique challenge in that the striatum and globus pallidus accumulate more iron than most other subcortical brain regions, with the iron concentration being especially high in the globus pallidus (Bartzokis et al., [2000](#hbm24771-bib-0010){ref-type="ref"}; Hallgren & Sourander, [1958](#hbm24771-bib-0061){ref-type="ref"}; Raz et al., [2003](#hbm24771-bib-0111){ref-type="ref"}). The microstructural profile of these structures can influence their MR‐derived volumes, such that the presence of iron deposits can render the MR‐based volumetric measures insensitive to age‐related shrinkage; this phenomenon reflects a prevalent factor that has rarely been acknowledged as a confounding factor among existing volumetric aging studies (Raz et al., [2003](#hbm24771-bib-0111){ref-type="ref"}). Thus, beyond subcortical morphology, we examined a marker of age‐modulated microstructural changes in these deep gray matter structures using the T1w/T2w signal ratio across the adult lifespan. Loss of myelin, decreased nodes of Ranvier density, deformation of myelin sheaths, increased presence of iron, and other microstructural damage are known to occur with age (Arshad, Stanley, & Raz, [2016](#hbm24771-bib-0006){ref-type="ref"}; Cherubini et al., [2009](#hbm24771-bib-0028){ref-type="ref"}; Haacke et al., [2005](#hbm24771-bib-0059){ref-type="ref"}; Péran et al., [2007](#hbm24771-bib-0101){ref-type="ref"}; Peters, [2002](#hbm24771-bib-0102){ref-type="ref"}; Tang, Nyengaard, Pakkenberg, & Gundersen, [1997](#hbm24771-bib-0125){ref-type="ref"}).

A major finding of this study is the quadratic relationship observed between age and average T1w/T2w, where peak T1w/T2w occurs at around 45--50 years old for these subcortical structures. These results are in congruence with studies investigating age‐effects on nerve fibers, myelinated axons that provide rapid and efficient transfer of information between different brain regions and to the periphery. Previous postmortem studies have reported a protracted myelination of subcortical myelin into the middle age, followed by a gradual decline in the late adulthood (Benes, Turtle, Khan, & Farol, [1994](#hbm24771-bib-0013){ref-type="ref"}; Marner, Nyengaard, Tang, & Pakkenberg, [2003](#hbm24771-bib-0088){ref-type="ref"}; Peters, [2002](#hbm24771-bib-0102){ref-type="ref"}). Work by Marner et al. ([2003](#hbm24771-bib-0088){ref-type="ref"}), in which a stereologic method was used to estimate the total volume, total length, and the diameter of myelinated nerve fibers in autopsied brains, reported substantial loss of white matter fibers with age, and proposed that this biological mechanism is the main source of cognitive decline reported in older individuals. Beyond cognition, subcortical myelin may play a critical role in the maturation of emotional processes. Benes et al. ([1994](#hbm24771-bib-0013){ref-type="ref"}) reported a negative quadratic relationship between hippocampal myelin and age using postmortem data in healthy individuals across the adult lifespan, and argued that while cognitive functioning is fully developed around the early stage of adulthood, emotional intelligence such as anxiety, sociability, and affect intensity is thought to continue to develop through the midlife period, and may be a reason for the peak occurring at middle‐age. Given the role of the basal ganglia in emotional and behavioral functioning (Jahanshahi et al., [2015](#hbm24771-bib-0070){ref-type="ref"}), the same can be said for these subcortical structures, such that middle‐age maturation of limbic functions based on increased life experiences could be associated with peak in T1w/T2w occurring at middle‐age in the striatum, globus pallidus, and thalamus. Research in emotional aging suggests that emotional experiences become more stable with advancing age (Benes et al., [1994](#hbm24771-bib-0013){ref-type="ref"}; Carstensen et al., [2011](#hbm24771-bib-0022){ref-type="ref"}; Diener, Sandvik, & Larsen, [1985](#hbm24771-bib-0034){ref-type="ref"}; Eysenck, MacLeod, & Mathews, [1987](#hbm24771-bib-0037){ref-type="ref"}; Scheibe & Carstensen, [2010](#hbm24771-bib-0114){ref-type="ref"}). Specifically, studies have reported decreased anxiety, sociability, and affect intensity occurring through the midlife period (Dieneret al., 1985; Eysenck et al., [1987](#hbm24771-bib-0037){ref-type="ref"}), high levels of affective well‐being and emotional stability at around the age of 70 (Scheibe & Carstensen, [2010](#hbm24771-bib-0114){ref-type="ref"}), as well as a decline in the frequency of negative emotions until approximately 60 years old, which ceases thereafter, following a quadratic relationship (Carstensen, Pasupathi, Mayr, & Nesselroade, [2000](#hbm24771-bib-0021){ref-type="ref"}). It would be interesting to relate the neuroimaging measures used here to relate emotional aging indices in future work.

Moreover, non‐postmortem studies investigating in vivo assessment of cortical and subcortical myelin using MRI techniques have also reported a quadratic inverted U relationship between age and myelin (Arshad et al., [2016](#hbm24771-bib-0006){ref-type="ref"}; Bartzokis et al., [2004](#hbm24771-bib-0009){ref-type="ref"}; Grydeland et al., [2013](#hbm24771-bib-0056){ref-type="ref"}). Although T1w/T2w signal ratio in cortical and subcortical structures is not directly comparable because the microstructural changes with aging are different and will contribute differently to the MRI signal (e.g., iron deposition is higher in the subcortex, particularly in these structures), two recent studies examining the effects of aging using the T1w/T2w signal ratio technique both reported similar age relationships. Grydeland et al. ([2013](#hbm24771-bib-0056){ref-type="ref"}) investigated cortical T1w/T2w in individuals aged 8--83 years old and reported that intracortical myelin increased linearly until the late 30s, followed by 20 stable years before declining as of the late 50s. Similarly, Shafee et al. ([2015](#hbm24771-bib-0116){ref-type="ref"}) investigated cortical T1w/T2w in individuals aged 18--35 years old and reported a linear increase of T1w/T2w myelin with age, with no detectable quadratic age effect, replicating the increase in cortical T1w/T2w in individuals aged 18--35 previously observed by Grydeland et al. ([2013](#hbm24771-bib-0056){ref-type="ref"}). Given these reciprocal connections between subcortical structures and the cerebral cortex, the agreement between the age--T1w/T2w relationships observed in the cortex and subcortex could suggest a possible common biological mechanism driving these relationships observed across the adult lifespan.

The assessment of subcortical microstructure may help to understand the differential effects of age on volume, and can provide insight into the functional deficits that are known to occur with age. Given the role of the basal ganglia and thalamus as important network hubs and relays, the investigation of myelinated axonal fibers terminating in these structures is of particular relevance given the role of myelin in high‐speed transmission and synchronization for the execution of cognitive and motor functions, which are known to decline with age (Ardila et al., [2000](#hbm24771-bib-0005){ref-type="ref"}; Bartzokis et al., [2004](#hbm24771-bib-0009){ref-type="ref"}; Deary et al., [2009](#hbm24771-bib-0033){ref-type="ref"}; Seidler et al., [2010](#hbm24771-bib-0115){ref-type="ref"}; Volkow et al., [1998](#hbm24771-bib-0132){ref-type="ref"}). Unfortunately, subcortical gray matter myelin has largely been neglected in the aging literature, despite being an important feature in mediating everyday functioning, largely due to limitations of in vivo analyses of myelin. In fact, studies in which investigate "subcortical myelin" fall into two main categories: (a) myelin of subcortical white matter tracts, which are most commonly examined and (b) myelin of the subcortical structures, which few studies have examined. These two research domains of subcortical myelin stem from two MR‐based techniques that are used to examine myelin; diffusion tensor imaging (DTI), particularly fractional anisotropy (FA), and radial diffusivity (RD), and quantitative techniques, such as magnetization transfer ratio, and T1 and T2 relaxation maps, respectively. As a result, to date, life‐span age differences in subcortical myelination have been inferred predominantly from DTI‐based indices, where multiple cross‐sectional studies have reported significant negative associations between age and FA as well as positive associations between age and RD of subcortical myelin (Abe et al., [2008](#hbm24771-bib-0301){ref-type="ref"}; Cherubini et al., [2009](#hbm24771-bib-0028){ref-type="ref"}; Lebel, Walker, Leemans, Phillips, & Beaulieu, [2008](#hbm24771-bib-0081){ref-type="ref"}; Lebel et al., [2012](#hbm24771-bib-0080){ref-type="ref"}; Madden et al., [2012](#hbm24771-bib-0310){ref-type="ref"}; Wang et al., [2010](#hbm24771-bib-0314){ref-type="ref"}); however is also unclear whether higher order models were examined. DTI achieves its sensitivity to myelin through its sensitivity to the diffusion magnitude and direction of water molecules, such that new or thicker myelin reduces the inter‐axonal space and thus increases the anisotropy of water diffusion (Feldman et al., [2010](#hbm24771-bib-0303){ref-type="ref"}). However, the diffusivity of water is influenced by numerous other factors that are independent of myelin, including axonal packing density, intra‐voxel orientational dispersion, membrane permeability, oligodendrocyte proliferation, and tissue water content (Jones et al., [2013](#hbm24771-bib-0143){ref-type="ref"}; Mädler et al., [2008](#hbm24771-bib-0311){ref-type="ref"}). Moreover, the results of cross‐sectional studies examining age differences using FA and RD are inconsistent and differ from the patterns of lifespan myelination suggested by the postmortem studies (Arshad et al., [2016](#hbm24771-bib-0006){ref-type="ref"}). Thus, DTI‐based descriptors of the white matter diffusion properties do not specifically reflect myelin content, and are likely better suited to examine the state of the white matter (Arshad et al., [2016](#hbm24771-bib-0006){ref-type="ref"}; Jones et al., 2013).

With this, the literature has shifted toward using other techniques to examine myelin. Specifically, with recent advances and increasing availability of quantitative MRI acquisition techniques, researchers are beginning to examine myelin using more direct measurements of microstructure, such as myelin. Quantitative MRI techniques to measure myelin have primarily consisted of T1 relaxation time and magnetization transfer ratio (MTR) maps, as well as T2 relaxation techniques that separate the MR signal to obtain an indirect measure of myelin. However, these quantitative techniques have also been shown to be influenced by other underlying biological processes (e.g., inflammation) that contribute to the myelin MRI signal obtained (Laule et al., [2007](#hbm24771-bib-0079){ref-type="ref"}). One prominent technique is myelin water imaging (MWI), which exploits the different T2‐relaxation times of water trapped between myelin sheaths, yielding a myelin water fraction (MWF) parameter (MacKay et al., [1994](#hbm24771-bib-0309){ref-type="ref"}; Uddin et al., [2018](#hbm24771-bib-0129){ref-type="ref"}). The accuracy of MWI has been validated in studies correlating histopathological myelin samples and neuroimaging‐derived MWF in animal (Beaulieu et al., [1998](#hbm24771-bib-0302){ref-type="ref"}; Gareau et al., [2000](#hbm24771-bib-0305){ref-type="ref"}; Odrobina et al., [2005](#hbm24771-bib-0312){ref-type="ref"}; Stanisz et al., [2004](#hbm24771-bib-0313){ref-type="ref"}; Webb et al., [2003](#hbm24771-bib-0316){ref-type="ref"}) and human studies (Laule et al., [2006](#hbm24771-bib-0078){ref-type="ref"}, [2008](#hbm24771-bib-0077){ref-type="ref"}). So far, only few studies used MWI to study healthy myelin maturation. However, there is still inconsistency between studies in terms of the nature of the myelin--age relationships, where some studies also report a linear decline with age for these quantitative metrics (Callaghan et al., [2014](#hbm24771-bib-0020){ref-type="ref"}; Cherubini et al., [2009](#hbm24771-bib-0028){ref-type="ref"}), while other studies have observed quadratic associations between age and myelin, with peak myelin varying between 30 and 50 years of age (Arshad et al., [2016](#hbm24771-bib-0006){ref-type="ref"}; Ge et al., [2002](#hbm24771-bib-0306){ref-type="ref"}; Inglese & Ge, [2004](#hbm24771-bib-0307){ref-type="ref"}; Watanabe et al., [2013](#hbm24771-bib-0315){ref-type="ref"}; Yeatman et al., [2014](#hbm24771-bib-0318){ref-type="ref"}).

Beyond these two methods, based on data availability, we have chosen to use the ratio of the signal intensities of T1w and T2w images in the current study as a measure of myelin. Our findings are supported by the correspondence between cortical patterns of T1w/T2w and myelin (Glasser et al., [2016](#hbm24771-bib-0048){ref-type="ref"}; Glasser & Van Essen, [2011](#hbm24771-bib-0050){ref-type="ref"}). Further, the T1w/T2w ratio technique has been used to map the myelin content of the cerebral cortex (Glasser & Van Essen, [2011](#hbm24771-bib-0050){ref-type="ref"}), and to study the effects of aging (Grydeland et al., [2013](#hbm24771-bib-0056){ref-type="ref"}; Lee et al., [2015](#hbm24771-bib-0082){ref-type="ref"}; Shafee et al., [2015](#hbm24771-bib-0116){ref-type="ref"}) and disease (Ganzetti, Wenderoth, & Mantini, [2015](#hbm24771-bib-0045){ref-type="ref"}; Ishida et al., [2017](#hbm24771-bib-0067){ref-type="ref"}; Iwatani et al., [2015](#hbm24771-bib-0068){ref-type="ref"}). However, to date, there have been no investigations of subcortical T1w/T2w in healthy adults across the adult lifespan.

4.2. Methodological considerations and limitations {#hbm24771-sec-0023}
--------------------------------------------------

The findings reported here should be viewed in the context of the following methodological limitations. One drawback of MR imaging is the inability to identify the cellular mechanisms underlying the MR‐derived measures. Further work using a combination of histology and imaging would provide a superior, cohesive understanding of the volume, surface area, and T1w/T2w--age relationships reported. Nonetheless, MRI is beneficial, as it allows us to investigate structural age‐related brain changes in vivo, and is crucial for establishing trajectories of development and degeneration across the human lifespan.

As with all MR‐based studies, motion is a big obstacle given its ability to drastically reduce sample sizes; however, this exclusion is a necessity as it has been shown that motion changes the information content of the images in the direction we would typically expect in an atrophy study (Lerch et al., [2017](#hbm24771-bib-0085){ref-type="ref"}), where more motion induces an apparent reduction in gray matter that is difficult to distinguish from true atrophy (Reuter et al., [2015](#hbm24771-bib-0113){ref-type="ref"}). However, by excluding participants with motion present in their images, the results are biased toward younger individuals as motion is nonrandomly distributed with respect to age (e.g., children move more than adults and elderly subjects move more than middle aged subjects; Pardoe, Hiess, & Kuzniecky, [2016](#hbm24771-bib-0096){ref-type="ref"}). While we cannot control the bias of exclusion due to motion, excluding individuals for inaccurate segmentation, particularly due to the presence of neuroanatomical variation, is a bias that can and should be reduced given that this exclusion biases the results once again toward younger individuals, as well as individuals with average and smaller than average ventricle size, and without white matter hyperintensities, which is not an accurate representation of the population of interest, given that these neuroanatomical features occur normally with age.

In this work, we used the T1w/T2w signal ratio technique to complement the morphological analyses performed (volume and surface area) with the aim of using this metric as a measure of tissue microstructure, particularly that of myelin based on previous work that demonstrated correspondence between cortical patterns of T1w/T2w and myelin (Glasser et al., [2016](#hbm24771-bib-0048){ref-type="ref"}; Glasser & Van Essen, [2011](#hbm24771-bib-0050){ref-type="ref"}). However, we acknowledge the contribution of other nonmyelin biological factors to the MR signal obtained from T1w and T2w MR images. Recent work has reported that the T1 signal is also sensitive to macromolecules (e.g., the proteins and lipids forming cellular membranes), water content of brain tissues, and to a lesser extent iron, and the T2 signal is sensitive to iron and deoxyhemoglobin content, in addition to myelin (Tardif et al., [2016](#hbm24771-bib-0126){ref-type="ref"}). Most notably, myelin and inflammation both alter the signal intensity of T1w and T2w images in opposite directions, both contributing to an increase in T1w/T2w ratio values. Resultantly, it has been suggested T1w/T2w is a less than optimal index of white matter myelin (Arshad et al., [2016](#hbm24771-bib-0006){ref-type="ref"}; Uddin et al., [2018](#hbm24771-bib-0129){ref-type="ref"}). However, while Uddin et al. ([2018](#hbm24771-bib-0129){ref-type="ref"}) cite low correlations between T1w/T2w and a histologically validated technique for examining myelin, myelin water fraction (MWF), for white matter structures, they nonetheless cite moderate correlations for subcortical gray matter structures (Uddin et al., [2018](#hbm24771-bib-0129){ref-type="ref"}, [2019](#hbm24771-bib-0130){ref-type="ref"}). Thus, a conservative approach for using the T1w/T2w signal ratio is its use as a nonspecific biomarker of microstructure, with the use of quantitative MRI techniques, such as magnetization transfer or myelin water imaging, to parse out the effect of differential elements of the microstructure, such as myelin using MWI and iron using R2\* (the short spin--spin T2 relaxation; Péran et al., [2007](#hbm24771-bib-0101){ref-type="ref"}; Stüber et al., [2014](#hbm24771-bib-0121){ref-type="ref"}).

A final consideration of the results reported for the T1w/T2w analyses is the different scan acquisition parameters for the T2w images acquired for the HA and ADB study. While the effect of reducing the scan time acquisition on the T2w signal is not known, the averaging of two T2w images does increase the signal‐to‐noise ratio, which can have an impact on the T1w/T2w analyses. While we attempted to account any possible difference that may result from the two T2w acquisitions protocols (from the HA and ADB study) by modeling scan acquisition as a random effect for the T1w/T2w analyses, this difference in combination with the difference in the subject demographics between the HA and ADB study, particularly age (that is, participants in the ADB study are older than those in the HA study), could introduce more variability. Thus, future work using a single cohort of healthy individuals spanning the adult lifespan would reduce these sources of variability. Moreover, it could provide insight as to whether the T2w acquisition difference is a legitimate concern, and whether mixed effects modeling mitigates any differences. Nonetheless, when examining the T1w/T2w analyses for the HA study cohort only (*n* = 87), which spans the entire adult lifespan (ages 18--80), the quadratic relationship still holds (as determined by AIC and permutation testing); see Figure [S9](#hbm24771-supitem-0001){ref-type="supplementary-material"} for T1w/T2w versus age plots for the HA study cohort. The consistency of these results quells any concerns for cohort‐dependent difference and the possible consequences of different signal‐to‐noise ratio for the T2w images (as a result of a different scan acquisition protocol and the averaging of two T2w images acquired for each subject). By adding additional subjects, from the ADB study (*n* = 75), to the HA study cohort, as a way of increasing sample size (*N* = 162), the quadratic T1w--T2w age relationship is reinforced.

5. CONCLUSION {#hbm24771-sec-0024}
=============

To the best of our knowledge, this study is the first MRI study to report simultaneous measurements of subcortical volume, surface area, and T1w/T2w signal ratio in the striatum, globus pallidus, and thalamus using structural MR images in individuals across the entire adult lifespan (in healthy individuals aged 18--83). This study demonstrates differential subcortical volume across the entire adult lifespan, with linear age relationships observed for the globus pallidus, and a quadratic relationship observed for the striatum and thalamus. Along with an age‐related decline in volume, we observed complementary local surface area contraction in all three structures bilaterally, and surface area expansion in the striatum across the adult lifespan. Furthermore, average T1w/T2w was significantly different across the adult lifespan; average T1w/T2w gradually increased until about mid‐age, followed by a gradual decline thereafter for all three structures of interest bilaterally, with peak T1w/T2w occurring at around 45--50 years old. The age‐dependent relationship of subcortical T1w/T2w signal ratio observed across the adult lifespan may provide important insights on the maturation of behavioral processes in which these structures are implicated, and that continue to develop until mid‐age, reflecting the peak T1w/T2w attainment observed at mid‐life in these subcortical structures. Moreover, this quadratic relationship may also provide insight on the role of microstructure in disorders in which these subcortical structures are implicated and compromised. However, both the volume and T1w/T2w age relationships observed for the striatum do not survive permutation testing. In conclusion, our results provide normative baseline data of normal aging, which may consequently aid in the interpretation of data collected from patients with neuropsychiatric and neurodegenerative conditions.
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